Water-content profiles across the membrane electrode assembly of a polymer-electrolyte fuel cell were measured using high-resolution neutron imaging and compared to mathematicalmodeling predictions. It was found that the membrane held considerably more water than the other membrane-electrode constituents (catalyst layers, microporous layers, and macroporous gas-diffusion layers) at low temperatures, 40 and 60°C. The water content in the membrane and the assembly decreased drastically at 80°C where vapor transport and a heat-pipe effect began to dominate the water removal from the membrane-electrode assembly. In the regimes where vapor transport was significant, the through-plane water-content profile skewed towards the cathode. Similar trends were observed as the relative humidity of the inlet gases was lowered. This combined experimental and modeling approach has been beneficial in rationalizing the results of each and given insight into future directions for new experimental work and refinements to currently available models.
Introduction
Gaining insight into the liquid-water distribution across the thickness of a polymerelectrolyte-fuel-cell (PEFC) membrane electrode assembly (MEA) has been the topic of many investigations in recent years. The experimental tools and mathematical models have become sufficiently advanced that detailed investigations of local-scale phenomena in the complicated environment of a fuel cell become reasonable. The advent of imaging techniques that are able to probe phenomena with micro-scale resolution [1] [2] [3] and the ability and understanding to simulate transport under operating conditions [4] [5] [6] [7] [8] [9] [10] has made for very fruitful research in the fuel-cell community.
In an earlier publication, high-resolution neutron imaging was used to investigate the through-plane liquid-water-content profile [11] . In that article, it is conjectured that the dominant mode of water transport through the various fuel-cell layers is due to evaporation and movement of water through the gas phase at high cell temperatures and/or high current densities.
This heat-pipe effect has been shown through modeling to occur in fuel cells, and can be especially important in gas-diffusion layers (GDLs) or diffusion media (DM) [12, 13] . In this paper, mathematical modeling is utilized to investigate this coupled-thermal-and-watermanagement issue in detail, and to explain some interesting qualitative features such as the location of the point of maximum liquid-water content as a function of operating conditions. In addition, imaging results and analysis for various temperatures and non-fully-humidified feeds are given. 3
Heat-pipe-effect simple analysis
The heat-pipe effect occurs where evaporation of water from the cathode induces a watervapor flux from the cathode catalyst layer towards the cathode gas flow channel (GFC), which oxygen must move against to reach the cathode catalyst layer. This counter-current transport effect, combined with the reduction of oxygen partial pressure in the cathode feed stream due to the addition of water vapor, decreases the oxygen flux to the catalyst layer leading to a limiting current behavior.
To examine this effect in more detail, a simple back-of-the-envelope analysis can be done.
Starting with the Stefan-Maxwell equations and assuming isobaric conditions, one can write expressions for the water-vapor flux and the oxygen mole-fraction gradient in a GDL with uniform properties (including saturation level) of [14, 15] respectively, where w N is the water-vapor flux, i is the current density, R is the ideal-gas constant, T is absolute temperature, eff air w, D is the effective binary diffusion coefficients and is corrected for gas-phase volume fraction and tortuosity, p is the total gas-phase pressure, and y i is the mole fraction of species i. In the above expression for water, a pseudo binary approximation is used, and Faraday's law has been used to substitute the oxygen and nitrogen fluxes. For the heat-pipe effect, the mole-fraction gradient for water-vapor is given by the vapor-pressure 4 gradient induced by the temperature gradient if local equilibrium is assumed. The actual temperature gradient will depend on the heat generation (potential and current density), thermal conductivities, water evaporation rates, etc. Using the above equations, the water-vapor flux and oxygen mole-fraction drop are calculated for different temperature gradients and cell temperatures, as shown in Figure 1 .
From Figure 1(a) , one can see that only a small temperature gradient is necessary to remove the electrochemically generated water, especially at 80°C. Such an effect can be the main driver of water out of the cell which is beneficial in avoiding liquid-water flooding. However, in Figure   1 (b) and (c), one can see how the temperature gradient reduces performance by lowering the oxygen concentration, especially at higher temperatures as the vapor pressure depends exponentially on temperature. Figure 1(b) shows that both the dilution effect at the higher temperature and the thermally induced water-vapor gradient decrease the oxygen mole fraction at the catalyst layer, as does higher current densities, in agreement with observed polarization performance. Figure 1 (c) also demonstrates the strong percentage change in oxygen concentration that the heat-pipe effect can cause, where a value of 0 corresponds to no thermal gradient. Of course, the analysis leading to Figure 1 is simplified and ignores the liquid water flux, total gas-pressure changes, etc., but it is insightful and demonstrates the strong influence of thermal effects on water management and hence overall fuel-cell performance.
Experimental and Theory
The domain of both the experiments and the model is the same and detailed previously [11] .
It consists of a high aspect ratio PEFC with an active area of 2.1 x 7.7 cm, of which the middle length of about 2 cm is imaged. The fuel cell is oriented with the gas inlets at the top of the cell 5 and the single-channel serpentine flow path with 1 mm channel and land widths following gravity in a co-flow arrangement. Experiments were conducted under stoichiometric cathode gas flow control (flow rate adjusted relative to current production) at all current densities with the back pressure on the cell maintained at 10 kPa on both anode and cathode regardless of flow rate.
The anode flow rate was maintained at 480 std. cm 3 min -1 for all tests and both anode and cathode inlet gas streams were humidified by dew point control. Membrane electrode assemblies were in-house fabricated catalyst coated Nafion 112 The modeling was achieved with pseudo 2-D (1+1-D) simulations using the code developed by Weber and Newman [13] . The domain consists of the layers and thicknesses as described above, and the operating conditions were the same as the experimental ones. 
Results and Discussion
Experimental water-content values from neutron imaging are shown in Figure 2 . A comparison among the temperatures shows that the position of the maximum water content and the water-content profile across the GDL changes significantly as the temperature of the cell is raised towards 80°C. Furthermore, there is a corresponding decrease in the GDL water contents as the current density is increased. This is especially apparent in the 80°C case. To understand this effect and set the stage for further discussions, the simulated temperature profile is shown in Figure 3 for the 60°C case.
From the figure, it is clear that at high current densities, as discussed later, the temperature gradients are significant enough to alter the water distributions and cause evaporation of the liquid water. As discussed in Figure 1 , this will have a greater impact as the cell temperature is increased. As expected, the peak temperature occurs within the cathode catalyst layer and the gradients are primarily caused by the relatively thick GDLs [16] . One also sees that the temperature at the GFC also increases at high current densities, thereby decreasing the humidity of the incoming gases. This effect also drives water movement toward the anode, explaining 7 why the water content levels in the anode GDL rise as the current density is increased for the 60 and 40°C cases.
At 80 °C, the water-content profile in Figure 2 has a distinct shape that lacks the increases near the GFC / GDL boundaries, indicating that the water removal mechanism is probably different (e.g., evaporation instead of droplet emergence). To understand these profiles better, simulations are carried out. The simulation and experimental comparisons are done at 0.75 A cm −2 since that case corresponds to similar cell potentials for all three temperatures (0.57, 0.62, and 0.63 V for 40, 60 and 80°C, respectively), meaning that the heat generation is also similar [11] .
There are two ways that the simulation results are presented, as capillary pressures or as saturations (water volume fractions). From an understanding and physics standpoint, the capillary pressure, as defined by the liquid pressure minus the gas pressure, is preferred. The reason is that the capillary pressure is more physics-dependent than the saturation as it depends directly on the liquid and gas pressures and not also on the material and fluid properties. As detailed in the Appendix, the saturation is derived from the capillary pressure (i.e., it is a dependent property) [17] . However, both quantities are linked and solved for in the problem.
While the saturation does allow a direct comparison to the experimental data, such a translation requires assuming some perhaps unknown parameters that change the absolute values of the water content, as discussed in the Appendix.
In terms of comparisons between the experimental data and simulation values, one does not expect strong quantitative agreement; qualitative trends are the goal at present. The reasons for the discrepancies between the data and simulation are discussed in more detail below, but are mainly due to the relative simplicity of the pseudo 2-D model being used, including the 8 quantification of the saturation, and experimental error in resolving water content at high resolution. The former means that the effect of the lands are neglected, and thus results for the model should be higher than expected. Furthermore, the low saturations implied by the data in Figure 2 mean that using traditional two-phase-flow treatments may be inappropriate because the water-transport mechanism may be more that of drops and movement along fibers rather than in (cylindrical) pores. The experimental error is related to the fact that resolving water content at high spatial resolution is complicated by a significant amount of scattering as compared to the spatial dimensions of the pixels. This scattering decreases the experimentally observed liquid water content. Regardless, the comparison between model and data does allow one to get a sense of the modeling areas for improvement and explanation of some of the data trends such as the interplay between thermal and water management.
The capillary-pressure and the liquid-volume profiles are given in Figure 4 and Figure 5 , respectively, for the three temperatures at 0.75 A cm −2 and fully humidified feeds. In Figure 4 , lower capillary pressures denote lower saturations and less liquid water in general. There is a break in the values for the membrane since the water content is defined differently (see the Appendix). These discontinuities do not occur in the experimental data because the true interfaces are not as sharp and thin as those in the simulation and are being averaged over many locations along the interface.
From the predicted profiles at 40 and 60°C, the high concentration of liquid water in the region between the microporous layers can be explained by the fact that these layers inhibit liquid water transport, thus concentrating it in the membrane and catalyst layers. For the GDL water profiles, the MPL acts as a barrier for liquid-water transport. Liquid water is produced at the catalyst layer and transported through the MPL as a saturated vapor. This results in the steep 9 drop in liquid content at the MPL / GDL interface as shown in Figure 4 and Figure 5 . The saturated vapor moves through the GDL and begins to condense as the local temperature drops (i.e., the heat-pipe effect) leading to a recirculating flow where the liquid water then moves back toward the membrane. In the simulations, the dry region occurs when the liquid water no longer has enough pressure to move further into the warmer layer and it vaporizes. While the minimum in water content in the simulations occurs at the GDL / MPL boundary, it occurs further into the GDL in the experiments. This difference in the position of minimum water content between the model and experiment can be explained by the fact that the simulation assumes uniform independent properties (i.e., porosity, pore-size and wettability distributions, etc.) within the GDL. This assumption is undoubtedly an idealization, where due to compression and inherent nonuniformities, the real situation has variable properties. In fact, some preliminary X-ray tomographic data from us (not shown) hint that the GDL may exhibit inherent surface densification due to manufacturing. Having variable properties would alter the location of the minimum water-content value [18] , and should be considered in future PEFC modeling.
The complicated GDL water-content profiles also are not fully captured using the simulation because a pseudo 2-D approach is utilized, wherein the ribs are neglected. While this greatly simplifies the computational cost and increases model robustness, it also does not allow for certain extrema to be captured. For example, water condenses preferentially on the ribs due to their lower temperature, which is probably the main cause of the maxima in the GDLs near the GFCs, along with imprecise interface identification in the experiment. The neglect of the rib/channel effects coupled with the use of uniform structural properties mean that the gradients in the simulations are inherently monotonic and unable to predict the minimum in the cathode GDL.
In comparing the 40 and 60°C cases, both the predicted and simulated values shows the same trends. At 40°C, the cathode and anode GDLs have higher liquid-water contents in agreement with the analysis presented in Figure 1 due to a decrease in the heat-pipe effect. The lower temperature and less importance of the temperature gradient causes the MPLs to both contain more liquid and for a different flow profile to develop as seen in the capillary-pressure curves in Figure 4 . Due to higher liquid-water amount in the MPLs, the anode GDL minimum is not as prominent and a shoulder exists in the cathode MPL due to the similar values between the MPL and the CL. In terms of trend deviation, besides the lack of extrema as mentioned above, the greatest discrepancy is that of the anode MPL at 40°C. This can be explained by the fact that the model is either not predicting as much water back-transport or is not as resistive towards water uptake in the anode side of the membrane as in the experiment. The former could be caused by a lack of considering membrane compression decreasing the membrane thickness.
The water-content profiles at 80°C exhibit a different shape than those at 40 and 60°C. The simulations clearly demonstrate a reduced water content that is due to evaporative removal beginning to dominate the total water removal from the cell at higher temperatures. The maximum water amount unexpectedly shifts position at 80°C in both the data and the simulations. The reason for this shift is because the water-vapor in the cathode MPL condenses at the MPL / GDL interface due to the much larger and more hydrophilic pores in the GDL. This then causes liquid-water flow both out of the cell and back into the MPL as can be seen in the capillary pressure profiles in Figure 4 . The maximum may occur nearer the cathode catalyst layer than predicted, although this again will depend on such properties as porosity, membrane volume fraction, catalyst-layer thickness, etc., which are probably not uniform. For the anode GDL, the model predicts that there is essentially no liquid water, whereas the data shows some 11 small amounts. The reason is that the analysis assumes cylindrical pores that are either empty or filled, whereas in reality there is probably water on the fibers (especially any hydrophilic regions) and droplets within the medium, which the model does not consider explicitly.
A quantitative comparison between Figure 2 and Figure 5 shows that while the values are within reason for most of the components, there is a large discrepancy between the membrane values at 40 and 60°C. The deviations in the catalyst layers are also directly related to the membrane water content in those layers. The quantitative discrepancy is probably due to both an inaccurate membrane model and some experimental error. The membrane model used, as
proposed by Weber and Newman [19] , is probably insufficient in terms of dealing with the vapor and liquid interfaces. For example, it uses values for interfacial mass-transfer coefficients that are large and thus do not represent a significant resistance for transport to/from the vapor phase, counter to some recent experimental studies [20, 21] . Making this value smaller would result in larger water hold-up in the anode and perhaps a drier membrane, which could explain why the profile at the anode MPL is wrong at 40°C. Furthermore, the model assumes that a sufficient value of the chemical potential of water can result in a fully liquid-equilibrated membrane, even if the membrane interface is exposed to saturated vapor. This does not necessarily make physical sense, and one can change the model to use a so-called phase-in-contact approach. This approach effectively sets a maximum on the water content on the membrane depending on how much of the interface is exposed to liquid water versus water vapor. Applying this approach to the simulation results in Figure 5 reduces the amount of water in the membrane roughly by half, as show in Figure 6 for 60 and 80°C. Figure 6 also smoothes the interfaces to make a more continuous water profile. The smoothing is done by simple averaging assuming a 5 to 10 µm interfacial zone (which is still less than the pixel resolution). Finally, the above changes to the membrane model would not change the results at 80°C substantially, which demonstrate fairly good quantitative agreement.
In terms of experimental issues, as noted above, there is a significant issue of deconvoluting the scattering seen under high spatial resolutions and with membrane water uptake. Work is currently underway at NIST to quantify this error. However, the shape of the water-content curves will remain unchanged although the relative differences between the maximum and minimum values may change. Furthermore, one should also account for any possible membrane compression.
In the rest of the paper, the genesis of the above theoretical water profiles is further investigated with a focus on the interplay between water and thermal management. In addition, examination of data and some modeling insights for non fully-humidified inlets is also discussed.
To explore the heat-pipe effect in more detail, Figure 
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The above impact of temperature and the heat-pipe effect is more evident when one examines the cathode-diffusion-medium flux profiles in Figure 7 . For all temperatures, almost all of the water-vapor fluxes are positive indicating that flow reversal occurs for the vapor phase (one expects that the flow should be negative, i.e., towards the membrane). Comparing the profiles demonstrates that while at 40°C, over 80% of the water is moving in the liquid phase in the GDL, this amount decreases to around 60% at 80°C. Even more interesting is within the cathode MPLs, where again the liquid-water flux is much greater at 40°C than at the other temperatures.
This explains the broader peak of the water content seen in Figure 2 and Figure 5 . Also, the interesting shape of the water content in those figures for the 80°C is shown in that there is a negative flux of water in the MPL, indicating that at the MPL / GDL interface there is a maximum in liquid water since it is moving away in both directions. Finally, for all the temperatures, as one approaches the hotter catalyst layer, more of the water is being carried in the vapor phase.
As a final underscore to the relation between water and thermal management, Figure 8 gives For all of the above analysis, the feed gases are fully humidified. This creates a situation wherein the heat-pipe effect and associated thermal management can be dominant since the gases are saturated and thus the vapor-pressure profile established by the temperature gradient impacts performance. To examine the generality of the above trends, it is worthwhile to investigate what happens with different relative-humidity gas feeds. Figure 9 shows the liquid-water-content profiles as a function of relative humidity of the anode and cathode inlet gas streams for the cell at 60°C and 1 A cm -2 . A similar trend to that of increasing cell temperature (Figure 2b ) is seen with decreasing relative humidity. Namely, as the water content decreases, the distribution across the layers skews towards the cathode. This reinforces the concept of the membrane dominating the water content when significant hydration is maintained (at low temperature or high relative humidity), whereas under sub-saturated conditions the liquid water is found more on the cathode side of the cell. Additionally, the water saturations measured by high-resolution neutron radiography are on the lower end of what is anticipated from the models.
For the lower relative-humidity cases, simulations are carried out (not shown) for similar conditions and the following conclusions made. Neither the anode nor cathode GFCs become fully humidified, meaning that the heat-pipe effect is not dominant. The anode subsaturation causes more membrane dehydration and a flatter and lower water-content profile since more water is moving in the vapor-equilibrated state rather than the liquid-equilibrated one (the membrane water content changes less in the vapor-equilibrated mode for a given flux). The subsaturation also results in a downward gradient in the water content and capillary pressure, similar to the case at 80°C (see Figure 4) . The cathode level of subsaturation is less than the 15 anode one since the stoichiometry is much lower and water is produced at the cathode.
However, since it is not fully humidified, the water movement is mainly in the vapor phase, with small amounts in the hydrophilic domains of the GDL, resulting in the profile shape seen in the figure.
Conclusions
Experimental and modeling comparisons were conducted for liquid-water-content profiles across the fuel-cell sandwich composed of gas-diffusion layers, microporous layers, catalyst where HI f is the fraction of hydrophilic pores, which is then also the liquid pore saturation at a zero capillary pressure.
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To determine the membrane water-volume amount, one needs the water content or moles of water per mole of sulfonic-acid site, λ, of the membrane. Because local equilibrium is assumed, the capillary pressure in the membrane can be used in the following manner. First, if the capillary pressure is positive, then the fraction of expanded channels can be calculated, and λ is given by
where
is the λ value for the membrane in equilibrium with saturated vapor at the given temperature. If the capillary pressure is less than zero, this can be changed into a water activity
where w V is the partial molar volume of water. In the above expression, a secondary reference state of water at unit activity is applied. The activity can then be used to calculate λ from a submodel or by an isotherm. Once λ is known, it can be used to get the water-volume amount by
where m V is the partial molar volume of the dry membrane and free-swelling conditions are assumed.
Finally, the water content in the catalyst layer is the weighted sum of the water content in the membrane in the catalyst layer and that in the pores of the catalyst layer. Through-plane water-volume fractions for gas feeds of 100, 90, and 70% RH at 60 °C for the anode and cathode respectively at 1 A cm -2 .
